I. INTRODUCTION *
Gasification is a process that converts carbonaceous materials, such as coal, petroleum, biofuel, or biomass, fuel gas. The gas is composed of carbon monoxide and hydrogen and called synthesis gas or syngas. The process requires high temperature and limited amount of oxygen.
The advantage of biomass gasification is it has low carbon dioxide emission. Syngas can be used for producing chemical materials and fuels like ethanol and hydrogen (Gaddy, 1992) .
Industrial-scale gasification can be used for the power generation with gas engines or turbines. Combined heat and power (CHP) application is more desirable due to its higher efficiency. Today, more interests in gasification technologies are drawn because of the increased fuel price and environmental concern. Gasification is being integrated with modern and more sophisticated technologies and it is widely applied in developing countries (Hong, S., 2005) .
However, considering current status of biomass to energy generation, the gasification of biomass energy generation is still fairly limited in its application. The main reason for this is probably that the technology still has not reached in full maturity. Research efforts to develop improved biomass gasification technologies are impressive during the last 15 years (FAQ, 1986 ).
Gasification has very complex processes. Gasification modeling enables understanding different processes and assessment of operation conditions. Different types of biomass gasification models have been developed such as kinetic model, equilibrium model, Computational Fluid Dynamics (CFD) model and so on. Kinetic model is fundamental model which is applicable to different types of gasifiers including fixed bed gasifier and fluidized bed gasifier. Considering different expressions of reaction rates, gas composition and temperature can be predicted along the residence time. CFD model is an advanced numerical modeling method that can solve the problems of fluid flow, heat transfer, and species transfer. The CFD model can be implemented base on the structure and geometry of the gasifier. The process of chemical reaction and heat transfer are not homogeneous inside a gasifier. Therefore, CFD model can simulate the gasification process more reasonably than other models. Wang and Kinoshita (1993) (Wang and Kinoshita, 1993 ) built a kinetic model based on the mechanism of surface reactions. The kinetic model is validated by comparing the prediction results with the experimental data for different equivalence ratios. The composition of syngas was affected on residence time, temperature, pressure, equivalence ratio, char particle size and moisture contents of fuel. Sharma (2008) (Sharma, 2008) proposed a full equilibrium model of global reduction reaction for a downdraft biomass gasifier in order to predict the accurate distribution of various gas species, unconverted char, and reaction temperature. This model used thermodynamics principles based on the stoichiometry. The model describes the influences of moisture content, pressure, equivalence ratio and initial temperature input on dry gas composition, unconverted char, calorific value of gas, gasification efficiency, outlet gas temperature and endothermic heat released in char bed. Tinaut and Francisco (2008) (Tinaut et al., 2008 ) presented a one-dimensional stationary model for a downdraft gasifier. The model is based on the mass and energy conservation equations, the energy exchange between solid and gas phases, and the heat transfer by radiation from the solid particles. The model was validated for different conditions of fuel particle size and varying superficial velocity of air. It is proposed a possible sustainable auto thermal mechanism of the flame front in downdraft fixed bed gasifiers. 
A. Reactions Considered
Charcoal gasification is simpler than other biomass materials because the main composition is char. The chemical reactions occurred in the gasifier are described as eight reaction formulas in the model as below :
Combustion reaction:
R-c 3 :
R-c 4 :
Gasification reaction:
Methanating reaction:
Carbon-water reaction:
Steam methane reforming reaction:
Water-gas shift reaction:
These reactions were described in the model. The important reactions in the gasification include CO and carbon combustion, CO production (gasification), steam reforming and water-gas shift reactions.
B. Mass Balance
A batch type reaction was assumed in this model. A gasification process in this model is simulated for the residence time using a constant initial temperature.
Mass conservation is expressed in the following equations,
where   is the species molar concentration (mol/m The equations may be re-written using concentration term as follows:
where  is concentration vector, and   is the volume of gasifier where reaction occurs.
Equations of Stoichiometry:
The pressure equation is derived from the ideal gas equation as follows:
where  is temperature.  is concentration, and   is the gas constant. 
C. Energy Balance
  is the shaft work in the system (W), which is zero since no mechanical agitation is provided. Overall reaction of the gasification is exothermic and no external heat is supplied. The reaction heat is determined as
The heat of reaction can be also presented using enthalpy as:
where   is enthalpy of reaction  (J/mol ․ K),   is reaction rate (mol/m 3 ․ s).
D. kinetic Properties in the Model
Arrhenius equation is used in the COMSOL reaction model. The Arrhenius equation is a simple accurate formula describing the temperature dependence of chemical reaction rates.
where  is the rate coefficient,  is frequency factor,  is the activation energy (J/mol), Rg is the universal gas constant (8.3144 J/ (mol ․ k)), Tn is temperature factor and  is the temperature (in Kelvin). The kinetic constants of frequency factor () and the activation energy () are summarized in Table 1 .
All the reactions given in Table 1 are irreversible except water-gas shift reaction. The reaction rate  of the watergas shift reaction can be presented as: 
Reaction rate of water-gas reaction can be presented as:
Reaction thermodynamic properties:
Enthalpy of reaction:
Entropy of reaction:
Heat source of reaction:
Standard specific heat formation and Standard Entropy of each gas phase species are expressed as:
E. Model Construction in COMSOL Software
The gasification model is constructed by assigning major parameters in model and reaction setting windows in COMSOL. The model settings panel as shown in Fig. 1 asks types of reactor and related properties. In this study, thermodynamic properties and energy balance were provided in model construction. 
F. Residence Time
The residence time in a gasifier is defined as the time for which air passes through the reaction zone inside the gasifier, contacting biomass fuels. It controls the convection 
Experiments
A small scale downdraft gasifier was assembled for experiments as in Fig. 4 . The gasifier is made of steel. The length of gasifier is 1300 mm, internal diameter is 100 mm, external diameter is 120 mm, thickness is 10 mm, mesh diameter is 100 mm and hopper diameter is 66.7 mm. There are 10 nozzles (Φ 10 mm) around the neck.
Air is supplied by an air compressor and air flow mater is installed at air inlet of the gasifier. Three temperature sensors are installed at air inlet zone, reaction zone and gas outlet zone. The temperature number is read on an electronic display. The reaction temperature can be controlled by air flow rate. The producer gas passes through III. RESULTS AND DISCUSSIONS
The model is validated using three sets of experimental results. The experiments using the gasifier described in the previous chapter. The details of gasifier and experiments' conditions presented in Tables 2 and 3 . Table 3 Physical dimension of gasifier 
Model Validation
The 
Parametric Study
The effects of ash content, moisture, O 2 ratio in air and air flow rate is evaluated with the results of model applications with respect to syngas composition and calorific value of syngas.
A. Ash Content
Since ash is inorganic chemicals in biomass. it can not be combusted and mostly less than 8 %. The effect of ash content on syngas composition is assessed. For the assessment, the moisture content of charcoal is set 8 %, air flow rate is 20 L/min, material flow rate is 0.45 kg/hr. The assessment was conducted for ash contents from 1 % to 10 %, and temperatures of 973 K, 1073 K, 1173 K, and 1273 K. The simulation results are presented in Figures  6 (a) to (d) . As the ash content increases from 1 % to 10 %, the molar fraction of CO decrease. The CO molar fractions are changed from 20.5 % to 16.5 % in 973 K, from 22.0 % to 19.9% in 1073 K, from 21.7 % to 21.0 % in 1173 K and from 22.5 % to 20.5 % in 1273 K. Meanwhile the molar fraction of CO2 increased, The CO2 molar fractions are from 7.0 % to 8.0 % in 973 K, from 6.0 % to 7.2 % in 1073 K, from 5.5 % to 6.7 % in 1173 K and from 6.0 % to 7.0 % in 1273 K. The molar fraction of H2 change is stable when ash content increased. It remains about 3 %. The simulation data shows that the increase in ash content bring down the CO molar fraction of syngas at a constant air flow rate. More CO from carbon would be combusted to CO2 when ash content increase. The CO2 molar fraction is increased 
F. Temperature
Temperature is also an important factor in gasification. More CO is produced from CO2 when temperature increase.
The effect of temperature on calorific value of syngas is shown in Fig. 11 . It shows that calorific values of syngas increase rapidly with temperature changes from 773 K to 873 K, and then increase slowly with temperature changes from 873 K and above. The reason for this seems that CO concentrations increase with higher reaction temperature.
In reality, temperature is influenced by many other conditions and it can be controlled by changing air flow rate in the experiments. H 2 production was not be influenced by temperature.
G. Equivalence ratio (ER)
The equivalence ratio affected syngas compositions and calorific values as shown in Fig. 12 . The molar fractions 
IV. CONCLUSIONS
In this study a simplified gasification model was constructed using a commercial software. The model predictions show reasonable agreement with the experimental data.
After validation, the model was applied to evaluate the effects of parameters including feedstock ash content, moisture, O2 ratio in air, air flow rate, temperature and equivalence ratio (ER). The model can also be used as a design tool for the biomass gasifiers. Feedstock and operation conditions in the downdraft gasifier is summarized as below:
